Fructose-1,6-bisphosphatase (FBPase) and sedoheptulose-1,7-bisphosphatase (SBPase) were identified and purified from the Crassulacean acid metabolism (CAM) plant, Kainchoi digremontiana. FBPase and SBPase showed respective molecular weights of 180,000 and 76,000, and exhibited immunological cross-reactivity with their counterparts from chloroplasts of C3 (spinach) and C4 (corn) plants. Based plant. These investigators concluded that, as in C3 plants, phosphoribulokinase, NADP-glyceraldehyde 3-P dehydrogenase, SBPase,3 and NADP-MDH are activated by light in Kalanchoe preparations. The photoactivation of these enzymes was sensitive to inhibitors of photosynthetic electron transport, e.g. DCMU, and could be mimicked in the dark by treatment with DTT (1).
leaves which required reduced thioredoxin m for activity.
These results indicate that Kalanehoi FBPase, SBPase, and NADP-MDH share physical and regulatory properties with their equivalents in C3 and C4 plants. In contrast to previous evidence, all three enzymes appear to have the capacity to be photoregulated in chloroplasts of CAM plants, thereby providing a means for the functional segregation of glucan synthesis and degradation.
In contrast to C3 and C4 photosynthesis, relatively little is understood conceming the photoregulation of carbon assimilation in CAM plants. The principal study in this area is that of Gupta and Anderson (10) plant. These investigators concluded that, as in C3 plants, phosphoribulokinase, NADP-glyceraldehyde 3-P dehydrogenase, SBPase,3 and NADP-MDH are activated by light in Kalanchoe preparations. The photoactivation of these enzymes was sensitive to inhibitors of photosynthetic electron transport, e.g. DCMU, and could be mimicked in the dark by treatment with DTT (1) .
Although FBPase was present, it was not activated either by light or DTT. In view of the evidence that FBPase is under photocontrol in C3 and C4 plants, the inability to observe its photoactivation in Kalanchoe is unexpected and, furthermore, is inconsistent with current models describing the regulation of photosynthetic carbon flow (5, 15) .
In an attempt to resolve this puzzle, we have studied the properties of key enzymes of photosynthetic carbon assimilation, including FBPase. We now report that FBPase and SBPase isolated from Kalanchoe daigremontiana leaves share a number of properties in common with their C3 and C4 counterparts, including the capacity for photoregulation. As a part of this study, we were also able to show that the NADP-MDH of Kalanchoe, earlier reported to be under photoregulation (10, 21) is activated by reduced thioredoxin m. Preliminary reports of this work have been presented (13, 14) .
MATERIALS AND METHODS
Plant Materials. Kalanchoe daigremontiana was greenhousegrown as described in the preceding communication (15) .
Reagents. Biochemicals were purchased from Sigma Chemical Co. All other reagents were purchased from commercial sources and were of the highest quality available. Thioredoxins and ferredoxin-thioredoxin reductase from spinach and Kalanchoe were prepared as described in the preceding communication (15) . Spinach chloroplast FBPase antibody and corn leaf SBPase antibody were prepared in previous investigations (2, 19) .
Assay Procedures. One-Step Colorimetric Assayfor FBPase and SBPase. A colorimetric assay was employed for routine assay of Kalanchoe FBPase (27) . Aliquots of fractions obtained during purification (0.1-0.2 ml) were assayed at 22°C in 1 x 7.5-cm test tubes containing (in ,umol): Tricine-KOH buffer (pH 8 .0), 50; MgSO4, 5; DTT, 2.5; sodium FBP, 3 (final volume, 0.5 ml). After 30 min, the reaction was stopped by the addition of 2.0 ml of the mixture used for the determination of Pi (27) . After the samples 3Abbreviations: SBPase, sedoheptulose 1,7-bisphosphatase; EGTA, ethylene glycol bis (18-aminoethyl ether (27) . FBPase was preincubated for 10 min as described in the two-step colorimetric assay. To start the reaction, the preincubation sample (0.1 ml) was injected into the assay mixture in a l-ml cuvette which contained in a volume of 0.9 ml: nonlimiting amounts of glucose 6-P dehydrogenase (1.5 units), P-glucose isomerase (2 units), and the following (in,mol): Tricine-KOH buffer (pH 8.0), 40; MgSO4, 5; sodium FBP, 6; and NADP, 0.25. NADPH formation was followed by measuring the change in A at 340 nm with a Gilford model 252 recording spectrophotometer equipped with a sample changer so that multiple assays could be monitored simultaneously.
Assay of NADP-MDH. NADP-MDH was assayed after activation by DTT-reduced thioredoxin m by following the OAA-dependent oxidation of NADPH (27) . Enzyme (5-10 ,ug) Step 2: DEAE-Cellulose Column Chromatography. The clarified amber leaf extract (900 ml) from step 1 was applied to a DEAEcellulose column (5 x 25 cm) which had been equilibrated beforehand with 50 mm sodium acetate buffer (pH 5.5), containing 0.1% (v/v) 2-mercaptoethanol and 3 mM MgCl2 (henceforth designated buffer D). The column was washed with 500 ml buffer D and then eluted with a 0 to 500 mm NaCl linear gradient in 900 ml buffer D followed by 400 ml of 500 mm NaCl in buffer D. Fractions of 20 ml were collected during sample application and column wash. During elution of adsorbed proteins, 4.5-ml fractions were collected. Fractions were monitored for A20 nm and analyzed for SBPase and FBPase activity by using the one-step colorimetric assay described in the experimental procedures.
After chromatography on DEAE-cellulose, three peaks of phosphatase activity were observed ( Fig. 1 FBPase and SBPase (137-156 and 81-115, respectively) were pooled (157 and 90 ml, respectively) and each was concentrated to 20 ml by ultrafiltration with an Amicon YM-5 membrane.
Step 3: Sephacryl S-300 Chromatography of FBPase. The concentrate containing FBPase activity (20 ml) from step 2 was clarified by high speed centrifugation (l00,OOOg, 30 min) and applied to a pump-assisted Sephacryl S-300 superfine column (2.6
x 90 cm), equilibrated, and developed with 50 mm sodium acetate buffer (pH 5.5) containing 0.1% (v/v) 2-mercaptoethanol and 200 mM NaCl (henceforth termed buffer DD). The NaCl was included to facilitate the complete separation of FBPase from low mol wt protein contaminants (e.g. thioredoxins) which in some preparations were found to co-migrate with FBPase when chromatographed in the absence of added salts. (It is interesting to note that spinach FBPase has been shown to have a high affinity for thioredoxins, requiring salt for separation from thioredoxins [22] .) The column was eluted at a flow rate of 40 ml/h and fractions of 3.75 ml were collected and assayed for activity as described above. FBPase eluted from Sephacryl S-300 as a single peak, which co-migrated with spinach FBPase when chromatographed under similar conditions (data not shown). The fractions exhibiting peak FBPase activity (61-70) were combined (volume = 37 ml) and concentrated to 5 ml as in step 1. The resulting preparation was enriched 2000-fold relative to the initial leaf extract and was judged to be approximately 50%1o pure as determined by Western blot analysis of SDS-polyacrylamide gels probed by using specific antibodies (see below). The specific activity of the enzyme preparation was 12.8 ymol Pi released/mg protein -min as determined by a one-step colorimetric assay. After 2 weeks, approximately 25% of the original activity remained when stored at 4°C.
Step 4: Sephadex G-100 Chromatography of SBPase. The SBPase concentrate from step 2 was clarified by ultracentrifugation (100,000g, 30 min) and chromatographed on a Sephadex G-100 column which had been equilibrated beforehand with buffer DD supplemented with 3 mM MgCl2. The column was developed with the same buffer at a flow rate of 12 ml/h and 3.75-ml fractions were collected. The inclusion of NaCl in the developing buffer at this stage, as for FBPase, was found to be critical for the complete removal of contaminating thioredoxins which co-migrated with the SBPase activity during DEAE-cellulose column chromatography. Fractions were assayed for SBPase activity as above and the active fractions were pooled and concentrated as in step 1 (fractions 61-70, volume = 37 ml, concentrated to 10 ml). The resulting preparation was free of contaminating thioredoxins and was enriched 30-fold over the initial leaf extract. The specific activity of the preparation was 9 FBPase and SBPase isolated in these experiments were of chloroplast origin. For example, the similarity of the mol wt of these proteins, relative to their equivalents from spinach chloroplasts, is in accord with a chloroplast origin (Table I) . Chloroplast FBPase and SBPase from all three sources migrated as proteins with Mr = 180,000 and 76,000, respectively (cf. 19, 30 Regulatory Properties of Kalanchod FBPase and SBPase. Confident that we had isolated the chloroplast forms of Kalanchoe FBPase and SBPase, we proceeded to investigate their regulatory properties. In this respect, we examined their response to mechanisms invoked for the photoregulation of equivalent enzymes in C3 and C4 plants, which are activated by reduced thioredoxin and respond to changes in pH, Mg2+, and effector substrates (i.e. FBP and SBP).
Thioredoxin-Mediated Activation of Kalanchoe FBPase and SBPase. We first investigated whether Kalanchoe FBPase and SBPase were activated by reduced thioredoxin. In these experiments, we took advantage of the ability of thioredoxins to be reduced chemically by the nonphysiological reductant, DTT (5), thus providing a simple assay system. Due to the instability of Kalanchoe thioredoxins, these experiments were carried out mainly with thioredoxins obtained from spinach (cf. 19 (Fig. 3) . Significantly, however, much higher concentrations of Mg2+ were required to activate Kalanchoe FBPase relative to the enzyme from C3 and C4 sources (cf. 19, 23) .
Furthermore, the degree of activation was much less than that observed in the presence of reduced thioredoxin. In these experiments, the inclusion of reduced thioredoxin resulted in a 2-fold increase in the Vm< and a decrease in the apparent Km for Mg2+ from 18 to 3.5 mm. Double reciprocal plots of the data presented in Figure 3 (Fig. 4) 8.0 (Fig. 5) . In these experiments, it was observed that inclusion of FBP, a positive effector of spinach FBPase, also strongly enhanced activation of Kalanchoe enzyme (see below).
Activation by Photochemically Reduced Thioredoxin. The results described above and in the preceding communication (15) suggest that the thioredoxin-linked activation FBPase and SBPase is of physiological significance in Kalanchoe. Further support for this conclusion stems from the experiments described below on FBPase and SBPase activation by photochemically reduced thioredoxinf. In these experiments, components of the ferredoxin-thioredoxin system partially purified from Kalanchoe were recombined to form a reconstituted system for enzyme photoactivation. A photoactivation of both the FBPase and SBPase was observed with this system (Table III) . Absence of any component of the ferredoxin-thioredoxin system, or incubation in the dark, resulted in little or no activation ofeither enzyme. The low Kalanchoe SBPase activity shown in Table III (6 ,mol) or SBP (1.5 pmol) was added to the side arm. Final volume, 1.5 ml. Temperature, 20°C. After 10 min equilibration with N2, the vessels were preilluminated for 10 min at 1000 MLE m-2 s-' of 400 to 700 nm light, sugar bisP substrate was added from the sidearm and the reaction was continued for 45 min. In the dark complete treatment, the vessels were kept in the dark throughout the preillumination and reaction periods. The reaction was stopped by the addition of 0.5 ml of 12% TCA, the precipitated protein was centrifuged down, and a 0.5-ml aliquot was used for the determination of Pi.
Relative (17) . A recent report suggests that products of photosynthetic electron transport may be involved in photoinhibition of PFK in intact chloroplasts (12 
